Two alternative methods to experimentally monitor the development of a CO-adsorption system that gradually changes from molecular to metallic are presented: firstly by adsorption of CO on Pd islands of increasing size deposited under UHV conditions, and secondly by growth of a Pd carbonyl-like species, formed by Pd deposition in CO atmosphere. The change in screening dynamics as a function of the number of metal atoms was investigated, using x-ray photoelectron spectroscopy, x-ray absorption spectroscopy, and core-hole-decay techniques. For CO adsorbed on UHV-deposited islands, the electronic properties of the whole CO-Pd complex is strongly dependent on island size and CO coverage: large amounts of CO result in a reduced screening ability, and small effects characteristic of molecular systems can be detected even for islands containing about 100 Pd atoms. If about half of the CO overlayer is desorbed, the CO-Pd complex exhibits a relaxation upon core ionization that is nearly as efficient as for metallic systems, even for the smallest islands ͑of the order of 10 Pd atoms͒. The growth of the carbonyl-like compound proceeds via formation of Pd-Pd bonds and has a relatively well-defined local structure. It is demonstrated that the properties of this compound approach those of an extended system for increasing coverages, and it may therefore also serve as an important link between a carbonyl and CO adsorbed on a metallic surface. A brief discussion is also given in which the results are discussed in terms of electronic properties of the thin alumina film versus bulk alumina and the applicability of the former to the construction of model catalysts.
I. INTRODUCTION
The adsorption of molecules on metal surfaces constitutes one of the most fundamental issues in surface science. Upon adsorption, the electronic levels of the molecule become strongly modified, and a detailed knowledge of the electronic structure is vital for an understanding of adsorption energies, adsorption geometries, chemical properties, etc. In this context, questions regarding electron correlation, charge transfer, and screening response upon ionization have attracted a lot of attention. 1 Electron excitation and decay dynamics are furthermore important within the field of photoinduced processes such as desorption and dissociation. 1 For extended, metallic systems, a detailed understanding of all these properties is not easily achieved due to the large number of electronic levels involved, although results employing cluster calculations and band-structure models have been rather successful. An important step towards a more complete understanding of the adsorption bond was taken by introducing complexes consisting of molecules bonded to only a few metal ͑Me͒ atoms as intermediates. In the case of CO, which is the prototype adsorbate, experimental data on carbonyls were found to exhibit many features similar to the CO/Me case: The valence photoemission spectra show a clear tendency for an energy degeneracy of the 5 and 1 levels, which is a typical feature for chemisorbed CO. 2 Moreover, the so-called shakeup satellites observed in the core-level photoemission spectra for carbonyls have been successfully identified using theoretical calculations. 3, 4 These results in turn provide clues as to the origin of the satellites in the spectra for CO adsorbed on metal surfaces. 2, [4] [5] [6] [7] [8] [9] [10] [11] Another important example is that the Auger spectra for carbonyls nicely demonstrate that charge-transfer screening into the CO 2* orbital occurs upon core ionization, leading to spectral shapes very similar to those observed for CO on metals. 12, 13 However, there are still significant differences between the carbonyl data and the results for CO on metals, e.g., the shakeup satellites are much broader for CO/Me ͑Refs. 4-11͒ and the so-called spectator shift between the Auger electron ͑AE͒ spectrum and the autoionization ͑AI͒ spectrum ͓the latter is also denoted deexcitation electron ͑DE͒ or resonant Auger spectrum͔, which is observed for carbonyls, is absent for CO chemisorbed on metal surfaces. [14] [15] [16] Both these properties are likely connected to the size of the system, but there are so far no investigations that, for example, clearly show how many metal atoms are needed in order to quench the spectator shift. Another problem is the limited number of carbonyls; i.e., several CO/Me systems cannot be modeled simply because there exist no stable carbonyl compounds containing the metal of interest. It is therefore obvious that there is a need to find alternative ways to fill the gap between a molecular system and a large, extended adsorption system.
In this paper, we present two different approaches to this issue: firstly by studying CO adsorbed on metal ͑Pd͒ islands of different size deposited onto a thin alumina film under UHV conditions and secondly by studying the successive growth of a carbonyl-like compound ͓''Pd x ͑CO͒ y ''͔ formed by Pd deposition in CO atmosphere. Both growth modes have been extensively characterized previously, using photoemission of core and valence levels, thermal desorption spectroscopy ͑TDS͒, and SPA-LEED ͑spot profile analysis-lowenergy electron diffraction͒. [17] [18] [19] [20] [21] Employing ͑high-resolution͒ core-level spectroscopies, we have now investigated these systems in order to elucidate how the screening dynamics of a CO-Pd complex change with the number of metal atoms and amount of CO. X-ray photoelectron spectroscopy ͑XPS͒ and x-ray absorption spectroscopy ͑XAS͒ were used to determine the screening response for a fast process ͑i.e., ''the sudden limit''͒ whereas AES and AIS were used to investigate the screening dynamics on the time scale of the core-hole lifetime ͑10 Ϫ15 s͒. For the UHV-deposited islands, we find that the screening dynamics is strongly dependent on both island size and CO coverage: Adsorption of large amounts of CO leads to CO-Pd complexes with a screening ability lower than for the clean Pd islands, and small effects typical for carbonyl molecules can be detected even for islands containing approximately 100 Pd atoms. In the case of low CO coverage, however, a screening nearly as efficient as for metallic systems is observed even for the smallest islands ͑of the order of 10 Pd atoms͒. The growth of the Pd x ͑CO͒ y compound evidently proceeds via formation of Pd-Pd bonds. It has a relatively well-defined local structure and new, complementary data concerning the CO adsorption geometries are presented. The results furthermore clearly show that this compound becomes more similar to an extended system when the deposited amount increases.
II. EXPERIMENT
The experiments were carried out at beamline 22 at the Swedish synchrotron radiation facility MAX-lab in Lund. The setup contains a modified Zeiss SX-700 monochromator in conjunction with a large hemispherical electron energy analyzer for photoemission and a multichannel plate with a retarding grid for x-ray absorption measurements by detection of secondary electrons. 22 The C 1s XP spectra were recorded at a photon energy of 380 eV with a total resolution set to 0.4 eV. The Pd 3d XP spectra were recorded at a photon energy of 420 eV and a resolution of 0.3 eV. All the XPS binding energies ͑BE͒ are referred to the Fermi level of the NiAl͑110͒ substrate. The XA spectra were measured in partial yield mode with a photon energy resolution of 0.2 eV at both the C 1s and the O 1s edges. Fortunately, the COrelated O 1s XAS peaks were easy to separate from the oxide features, thereby allowing for a subtraction of the latter. The absolute photon energies ͑PE͒ were determined using photoemission spectra excited by first-and second-order radiation. The C 1s AI spectra were recorded with a photon energy resolution of 0.2 eV and an electron energy resolution of 0.6 eV.
The preparation of the clean NiAl͑110͒ surface and the oxidation procedure to form a well-ordered Al 2 O 3 film have been described elsewhere. 23 This film has furthermore been extensively investigated employing several different techniques. 23, 24 Pd was evaporated using a Knudsen cell and the evaporation rate was monitored using a quartz microbalance. We will henceforth use the nominal film thicknesses as obtained by the quartz microbalance to denote the different situations. The Pd x ͑CO͒ y compound was formed by evaporation of Pd with a CO background pressure of 5ϫ10
Ϫ6 Torr onto the sample, which was cooled down to 90 K.
III. RESULTS AND DISCUSSION

A. CO adsorbed on supported Pd particles
The growth of Pd on the thin alumina film under UHV conditions is described in detail elsewhere. 17, 19 Briefly, deposition of Pd at 90 K results in the formation of poorly ordered three-dimensional ͑3D͒ islands. This is the case for the 0.2-and 2.0-Å situations in the present study. Deposition of 12-Å Pd at 300 K, however, results in large crystallites dominated by ͑111͒ facets. For the following discussion, it is most important to have at least a rough idea about how large the islands are, and a simple estimation for the 0.2-Å case yields that the average island has a diameter of about 5 Å and therefore consists of about 10 Pd atoms. The corresponding numbers for the 2.0-and 12-Å situations are ͑20 Å͒/͑100 atoms͒ and ͑60 Å͒/͑2000 atoms͒, respectively. 25 Two different situations with adsorbed CO were investigated: A high-coverage phase obtained by dosing 30 L ͓1 L ͑langmuir͒ϭ10 Ϫ6 Torr s͔ CO at a sample temperature of 90 K and a low-coverage phase obtained by heating the previous phase to 300 K, which leads to desorption of 50-60% of the CO. The previous studies, using XPS, XAS, and TDS, demonstrated that the CO-Pd interaction strength increases with increasing cluster size and decreasing CO coverage. 20, 21 It should furthermore be noted that the heating procedure does not drastically change the size or structure of the islands. 21 
Core excitation and core ionization
It is well known that the chemical bonding of CO onto a transition-metal surface involves a hybridization between the CO 2* orbital and the Me d levels. The interaction is manifested in the XA spectrum as a broadening of the core-to-2* peak ͑i.e., the resonance͒. 26, 27 Moreover, due to the hybridization with the Me d band, the adsorbate levels mix with the states at E F of the substrate. This allows for charge-transfer screening from the substrate to the adsorbate upon ionization, and the fully screened core ionized state with the lowest energy can be envisaged as a state with a core hole and a screening electron at E F . Provided that the XPS BE is measured relative to E F , this energy pins the position of E F in the XA spectrum and is consequently likely to be situated close to the onset of the XA threshold feature. 27, 28 This relationship is in principle expected to be observed for all metallic systems, and has been found for all studied CO chemisorption systems, including CO/Pd. 27 Since the photoemission process can be treated as a sudden event, the energy relationship between the x-ray photoelectron ͑XP͒ peak with the threshold feature observed in the corresponding x-ray absorption ͑XA͒ spectrum provides information about the adsorbate-substrate coupling strength and the screening response upon the sudden removal of a core electron. Consequently, this relationship can be utilized as a tool to determine whether an adsorbate system has metallic properties or not. 29, 30 In the case of a physisorbate, however, there is only negligible overlap between the adsorbate and substrate levels and no charge transfer screening is expected to occur on the time scale of the photoionization process. The relationship between the two processes is therefore not as straightforward as for chemisorbates. 29 Figure 1 shows C 1s XP spectra for high CO coverage on Pd islands of increasing size. For the lower Pd exposures, the spectra obtained after desorption by heating of the CO overlayer to 300 K are also shown. For comparison, C 1s spectra for two ordered phases of CO/Pd͑111͒ are shown ͑from Ref.
31͒. Details of these spectra have been discussed elsewhere, 21 but it is important for the coming discussion to note that the BEs increase for decreased island size. Figure 2 depicts the corresponding C 1s→2* XA spectra for CO adsorbed on the supported islands. It has previously been observed that the width of the XA peak strongly depends on island size and CO coverage. 21 The width of the resonance is to a large extent a measure of the CO 2*-Pd 4d hybridization strength of the C 1s core excited state. 27 Thus, the hybridization width increases with increasing island size and decreasing CO coverage.
The lines in Fig. 2 represent the positions of the corresponding XPS peaks. In the case of high CO coverage, it can be seen that the XPS BE gradually moves from a position just above the XA maximum to a position near the onset of the XA peak as the island size increases. From the discussion above, it is expected that the XPS BE is situated close to the XA onset for very large amounts of Pd since this situation is expected to behave like CO adsorbed on bulk Pd.
If we then consider the small islands, we have at least one situation that is not compatible with a metallic system. TDS results show that the most weakly bonded CO molecules desorb just below 200 K. 20, 21 Based on the previous studies on CO on single-crystal surfaces, this adsorption strength is sufficient to fulfill the criteria for chemisorption. 27 We can therefore safely regard all the CO molecules as chemisorbed on the Pd islands, and if the XPS-XAS relationship deviates from what is expected for a metallic system, this must have an origin other than the presence of a physisorbed species.
For clusters deposited on inert surfaces, it is well known that the photoemission BE increases as the size of the cluster decreases. [32] [33] [34] [35] This effect is mainly ascribed to the charge left on the cluster and the shift has been found to be essentially inversely proportional to the mean radius of the cluster. [32] [33] [34] [35] For the Pd/Al 2 O 3 /NiAl͑110͒ system, this behavior has been observed for the Pd 3d levels for the clean islands as well as for both the Pd 3d and the C 1s levels upon CO adsorption ͑see Fig. 1 and Ref. 21͒. The energy of the C 1s→2* process monitored by XAS, on the other hand, does not exhibit this kind of shift since no electron is removed from the system. The variations in the XPS-XAS relationships observed in Fig. 2 can therefore be ascribed mainly to size effects of the CO-Pd complexes. 21 We may also note that if there was an interaction between the CO-Pd complex and the electron reservoir of the NiAl substrate comparable to that of a chemisorbate on a metal, chargetransfer screening of the CO-Pd complex would occur on the time scale of the core ionization process and the XPS BE would in all cases appear near the XA onset. Since this is apparently not the case, it is feasible to assume that the screening is in all cases limited to what is provided by the CO-Pd complex itself with an additional contribution of image screening from the oxide film and its substrate.
Consequently, we can conclude that about 100 Pd atoms ͑2.0 Å͒ are sufficient to provide a screening upon core ionization that is ͑nearly͒ as efficient as for the bulk metal, independent of CO coverage. The only deviation is that the XPS BE for 2.0 Å is not quite connected to the XA onset, which is the case for 12 Å. That the difference between the two coverages is very small is not too surprising, since the valence photoemission ͑PE͒ spectrum for the 2.0-Å situation without CO adsorbed displays a significant intensity close to the Fermi level. 20 This is indicative for metallic properties of the clean Pd clusters; i.e., full screening may take place upon ionization.
For islands consisting of roughly 10 Pd atoms, it was found that the core ionization energy is slightly larger than the core excitation energy for high CO coverage, whereas for low CO coverage it is slightly lower, but still well above the XA onset. The overall nonmetallic behavior is in line with the valence PES results, which show that these islands do not exhibit metallic properties without CO. 20 The question is whether the electronic properties of the whole CO-Pd complex vary or if the properties of the Pd islands are constant and the effects are only due to differences in coupling strength between two ͑or more͒ different CO species. A clue to this is given by the previous XPS results, which show no intensity in the C 1s spectrum taken before heating at the position of the peak observed after heating ͑Fig. 1͒. If the same strongly coupled species was present in both cases, the BE must have shifted more than 1 eV. Such a shift cannot be explained solely by reduced CO-CO repulsion; it seems to be more likely that a change in relaxation energy occurs. 21, 27 Since we in this case assume that we have exactly the same species as before heating, minus some surrounding molecules, this evidently entails a change in the relaxation of the Pd atoms.
The other possibility is that removal of CO allows for the remaining molecules to coordinate more strongly to the Pd islands; i.e., we obtain a CO-Pd complex with a stronger CO-Pd interaction. Although we cannot distinguish between these scenarios, the conclusion is in both cases that the electronic properties of the whole CO-Pd complex seem to depend on the CO/Pd ratio for these limited sizes. The CO left after heating to 300 K hybridizes more strongly with the Pd atoms, and it is reasonable to believe that a system with more ''Pd character'' can effectively rearrange charge in order to screen the core hole and reduce the core ionization energy.
It is furthermore interesting to compare the XPS and XAS values for CO adsorbed on the small islands with those of a carbonyl, which is done in Table I for high CO coverage. We note that the 0.2-Å Pd situation has an XPS-XAS relation very similar to Fe͑CO͒ 5 , 2,12 thereby confirming the more ''molecular'' character of this situation.
However, there is one uncertainty concerning the validity of the XAS-XPS relations, especially for large amounts of CO adsorbed on 0.2-Å Pd: The CO molecules interact rather weakly with the Pd islands, but even though the molecules are chemisorbed, it is not certain that the strong peak observed in the XP spectrum really represents the core ionized state with the lowest energy. For systems where CO is weakly bonded, such as on Cu and Ag, shakeup satellites dominate the spectrum and the XPS peak with the lowest BE has only a very low relative intensity. 7, 8, 11 Hence there is a possibility that we cannot discern the component with lowest BE; i.e., the ''true'' XPS value is lower. In order to establish whether or not this is the case, we have employed core-hole decay techniques.
Decay of core excited and core ionized states
A state with a core hole is highly unstable, and it will rapidly decay by electron or photon emission. The former type of decay normally dominates, and this is the process that will be considered here. By comparing the decay of the neutral core excited state, i.e., the AI spectrum, with that of the core ionized state ͑the Auger electron spectrum͒, the screening dynamics occurring within the core-hole lifetime ͑typically 10 Ϫ15 s͒ can be observed. 12, 15, 16, [36] [37] [38] [39] [40] For a free CO molecule, the AI spectrum is recorded at an excitation energy corresponding to a core to 2* transition, i.e., the energy of the resonance observed with XAS. The AI spectrum consists of two-hole-one-particle (2hϪ1p) states ͑spectator peaks͒ and single-hole (1h) states ͑participator peaks͒. 12, 40 The AE spectrum, however, only consists of 2h states. These are shifted towards lower kinetic energies ͑KE͒ relative to the 2h-1p states in the AI spectrum due to the absence of screening from the spectator electron in the 2* orbital. Thus, the AI and AE spectra are fundamentally different.
For CO chemisorbed on a metal, the strong coupling of the 2* orbital with the metal states quenches this difference, leading to AI and AE spectra that are nearly identical. [14] [15] [16] 37, 38, 41 The fact that the spectral shape is independent of excitation energy is due to the mixing between adsorbate and substrate orbitals. This leads to a decoupling of the intermediate state in terms of a local core-hole state and some additional excitation, mainly in the substrate, which has only a small influence on the decay. This can be described in terms of a decay of the intermediate state to the lowest core excited state with an additional excitation, which is removed from the core-hole site. Alternatively, this can be explained by the fact that all the excited states within the core to valence resonance, including the lowest one, are constructed from the delocalized orbitals, which are very similar on the core-hole site. This leads to essentially the same spectator shift for all excited states and hence to deexcitation spectra that are largely independent of the detailed excitation energy. For physisorbates, the decay spectra are basically identical to the ones in the gas phase, albeit shifted towards higher kinetic energies due to image screening, e.g., Refs. 29, 36, and 39. An important effect to be taken into account for these systems, however, is the possibility for tunneling of an electron to or from the adsorbate in order to reach the energetically most favorable core-hole state. 36, 39 This process can occur on a time scale of fs and can in such cases be observed in the decay spectra. Figure 3 shows the C 1s decay spectra recorded at different excitation energies for 30 L CO adsorbed at 90 K on increasing amounts of Pd. The corresponding results obtained after heating to 300 K ͑only for 0.2 and 2.0 Å͒ are presented in Fig. 4 . Unless otherwise indicated, features due to direct photoemission have been subtracted using a spectrum recorded below threshold. The first, general observation to be made in Figs. 3 and 4 is that all the spectra show an overall shape that is typical of coordinated CO, i.e., carbonyls and CO chemisorbed on metals, thus supporting the conclusions made in Sec. III A 1.
Focusing on the 0.2-Å situation at high CO coverage ͑Fig. 3͒, we note that the AI spectrum ͑hϭ287.8 eV͒ differs from the corresponding spectrum for CO on a Pd single crystal ͓see Ref. 16 
1
Ϫ1 configurations. 15, 16, 42, 43 Since the intensity of the peaks appearing in the decay spectrum is strongly dependent on the orbital overlap with the site of the core hole in the core excited state ͑the so-called one-center approximation 44, 45 ͒, the more narrow and intense high KE features observed for carbonyls and weakly bonded CO as compared to strongly bonded CO have been explained in terms of a weakening of the CO-Me hybridization and/or an increased localization of the 2*-d hybrid orbital on the CO molecule. 16, 30 It is furthermore most feasible that modifications of one orbital also strongly affect the other orbitals. Recent x-ray emission spectroscopy ͑XES͒ studies of CO/Ni͑100͒ ͑Refs. 46 and 47͒ indicate that the whole system ͑1 and 2*͒ is strongly altered upon adsorption, leading to states quite different from those of the free CO molecule. We can therefore expect to see changes in the decay involving 1 along with the changes in the 2* decay processes, giving rise to spectral changes also at lower KE's. When comparing different adsorption systems, we find that a decreasing adsorption strength results not only in changes in the high KE region; there is also a gradual change in the spectral shape at 260-270 eV KE: 12, 16, 30, 43 For CO strongly chemisorbed on metal surfaces, this KE region is dominated by a single feature, whereas weakly chemisorbed CO and carbonyls exhibit a doublet instead. The ultimate case is free CO, where this part of the AI spectrum shows two strong peaks of equal intensity.
12, 40 We therefore interpret this joint effect as due to changes in the decay channels involving states. These types of variations in the shape of the AI spectrum are exactly what is observed in Fig. 3 for decreasing amounts of Pd, and it can therefore be concluded that the effective size of the CO-Pd complex and the strength of the CO-Pd interaction are clearly manifested in the shape of the AI spectrum.
The spectrum recorded at a photon energy of 297.0 eV represents the AE spectrum, i.e., the decay spectrum of a core-ionized species. In Fig. 3 , the raw data are compared to a direct photoemission spectrum recorded at a photon energy just below the XA threshold and aligned to the O 2s peak in the spectrum recorded at hϭ297.0 eV. The difference between these two spectra is also shown. Unfortunately, features other than the most prominent one are most difficult to discern. However, the peaks in the AE spectrum seem to be shifted about 2.2 eV towards lower KE's relative to the corresponding peaks in the AI spectrum, which we interpret as due to a spectator shift. This conclusion is supported by the spectator shifts observed for condensed carbonyls, which are of the same order of magnitude ͓e.g., 2.8 eV for Fe͑CO͒ 5 , see Table I͔. 12 Thus, as for the carbonyl, the AE spectrum can be assumed to consist of 2h states whereas the AI spectrum consists of 2h states screened by an electron in the 2*-d orbital.
The finding of a situation that displays a spectator shift is important. It shows that there is no detectable charge transfer to the CO-Pd complex occurring during the core-hole lifetime. This of course implies that there is no charge-transfer screening taking place upon core ionization, which is a much faster process. Consequently, there is no ''fully screened'' peak in the XP spectrum, supporting the XPS-XAS relation presented in Fig. 2 . It is also evident that the influence from the substrate is limited, and there is no observable effect due to electron tunneling to the Pd island. This information is vital for the general discussion of the electronic properties of a thin oxide film grown upon a metallic substrate versus the bulk oxide, as will be further elaborated in Sec. III C.
In the previous section it was found that a lowering of the amount of CO adsorbed on the smallest islands results in a significant lowering of the core ionization energy, probably due to an enhanced ability for charge rearrangements within the CO-Pd complex. The core-hole decay spectra for low CO coverage also exhibit different characteristics as compared to high CO coverage. As observed in Fig. 4 , there is no indication of a spectator shift. Possible reasons for this are that the screening of the doubly ionized Auger final states provided by charge rearrangements within the CO-Pd complex is as efficient as that of the singly ionized AIS final states or, which we find more unlikely, that the probability for electron tunneling from the substrate has strongly increased. Unfortunately, we cannot distinguish between these possibilities.
Nevertheless, we may conclude that the AIS and AES results for CO-Pd complexes consisting of approximately 10 Pd atoms are consistent with the interpretation that was made based on the XAS and XPS data: Adsorption of large amounts of CO brings about a ''carbonyl-like'' behavior, whereas a more ''metalliclike'' situation is found for a lower CO coverage.
The next situation to be discussed is the one with large amounts of CO adsorbed on 2.0-Å Pd, i.e., islands where the number of Pd atoms is of the order of 100 ͑Fig. 3͒. Starting with the AI spectrum recorded at the XA maximum energy, we find that this spectrum more resembles the CO/bulk Pd case, although there is still a slight enhancement of the features at KE's of 263 and 278 eV. The KE shift between the AI and the AE spectra can furthermore be estimated to be around 0.8 eV, and there are small changes in relative peak intensities in the spectra recorded at photon energies within the resonance ͑286.9-288.2 eV͒. Concerning the variations observed at excitation energies within the region of the XA peak, effects due to excitation of molecules occupying different adsorption sites might occur. However, this interpretation is not supported by the data shown at the top of Fig.  3 . These represent three spectra recorded at different energies within the resonance for 30-L CO/12-Å Pd ͑90 K͒. This is a situation very similar to CO/Pd͑111͒ ͑2ϫ2͒, 21 where CO is assumed to occupy both on-top and hollow sites. 48, 49 The presence of different sites has obviously a negligible effect on the shape and the position of the AI spectrum. This is supported by AIS studies of CO/H/Ni͑100͒, where the C 1s AI spectrum was found to be insensitive to the adsorption site, whereas significant effects were observed in the O 1s AI spectrum. 16 A more feasible explanation for the relative intensity variations in the core-hole decay spectra is instead that the 2*-d orbital for CO adsorbed on the islands has slightly different properties than for CO adsorbed on a metal surface. If the CO/Pd ratio is of the same order of magnitude as for carbonyls, the 2*-d interaction results in the formation of discrete molecular orbitals rather than a continuous band. That this can lead to photon-energy-dependent variations in the decay spectra can be explained as due to an increased influence of the 2*-d states on the decay.
In Fig. 3 it can be seen that the main variations in the spectral shape take place at KE's of 263 and 277.5 eV, for which the intensity increases when the photon energy is increased from 286.9 to 287.6 eV ͑the latter value corresponds to the XA maximum͒. As previously inferred, such an effect can occur when the size of the system or the CO-Me interaction decreases, i.e., when the molecular character of the 2*-d orbital increases. That this is observed in the AI spectra when scanning through the resonance for the same system can therefore be taken as an indication for a larger CO 2* character of the states close to the XA maximum as compared to those at the XA onset. In fact, the increased intensity at 278 eV can be caused by an enhanced probability for a participator decay process. This type of decay involves the excited electron and results in 1h final states, similar to the final states reached in photoemission. 12, 40 The difference between the photon energy and the kinetic energy of the participator peak should be equal to the BE observed by photoemission. In this case we obtain 287.6-277.5ϭ9.1 eV, which is close to the BE observed for the 5/1 peak ͑8.5 eV͒. 19 Since the participator process leading to a 1 Ϫ1 state is by far the strongest in the case of free CO, 12, 40 there is reason to believe that this peak is most sensitive to an increased probability for participator decay. The possible presence of a participator process gives further support for a localized behavior, since the excited electron has to have a significant probability to populate the core-hole site in order to take part in the decay. Furthermore, the shape of the AE spectrum resembles the spectrum recorded at 286.9 eV more than the spectrum recorded at 287.6 eV, which is most clearly seen at the high KE side. A tentative explanation of this is that the screening charge from the metal is preferably transferred to the lowest unoccupied 2*-d states. Consequently, the charge distribution near the core hole for the ''C 1s→XA onset'' situation and the charge-transfer-screened C 1s ionized state becomes similar, although the overall charge on the CO-Pd complex is of course different in the two cases.
It should be noted, however, that an explanation for the photon energy dependence in terms of different COadsorption sites cannot be excluded. The effects of different sites might be larger for the small islands as compared to the ͑111͒ surface. Nonetheless, it should be emphasized that even though this situation has approached the metallic case, the presence of an AIS-AES shift demonstrates that some molecular character is retained.
The decay spectra obtained after partial desorption of CO are presented in Fig. 4 . We note that the spectra line up on a kinetic energy scale within experimental error and that the spectra appear to be identical to CO/bulk Pd. The increased tendency for metallic behavior of the CO-Pd complex for decreased CO coverage is consistent with the valence photoemission results for the clean Pd islands, showing metallic properties ͑cf. Sec. III A 1 and Ref. 20͒. Thus, the increased metallic character of the 2* orbital allows for a more efficient screening.
B. Growth of the Pd x "CO… y compound
It has recently been demonstrated that a palladium carbonyl-like compound ͓''Pd x ͑CO͒ y ''͔ can be grown upon the alumina film by vapor deposition of Pd in CO atmosphere. 18, 19 TDS and photoemission show that the compound exists for coverages ranging from fractions of a monolayer up to multilayers. Furthermore, the compound appears to have a relatively well-defined local structure and, based on the BE shifts of the Pd 3d level, it was proposed that Pd-Pd bonds form during the growth.
In this study, we have chosen to compare the properties of two different exposures, 0.5 and 5.0 Å. The low-coverage situation involves partial coverage of the oxide surface and a crude estimation of the island size yields an average diameter of 20 Å, consisting of roughly 40 Pd atoms. 19, 25 For the higher dose, the whole surface is covered.
18,19
The Pd-CO bonding geometry
The CO-related core-level photoemission spectra for the two situations compared to the clean oxide film are presented in Fig. 5 , including O 1s difference spectra after removal of the oxide features. The corresponding Pd 3d 5/2 peaks are shown in Fig. 6 . Starting with the O 1s data, the 0.5-Å situation shows one broad peak, whereas two features are observed at 5.0 Å. The C 1s spectra exhibit the same behavior although not as pronounced; at 5.0 Å the high BE component appears only as a shoulder on the low BE component. Using a simple curve fitting procedure, the BE's, relative areas, and widths of the peaks have been estimated and the results are presented in Table II .
Since the Pd 3d spectra contain only one symmetric peak, the appearance of two components in the C 1s and O 1s spectra is probably not due to different carbonyl species or a layer-dependent electrostatic shift. Further support for this conclusion can be found in an extensive discussion given in Ref. 19 . We instead attribute the two components in the C 1s and O 1s spectra for the 5.0-Å case to CO adsorbed in two In order to assign the O 1s peaks to specific sites, we can compare our BE's to those found for well-defined rhodium carbonyls deposited on alumina and graphite. 51 The C 1s and O 1s BE's for the 0.5-Å situation, which would most resemble the situation of a deposited small carbonyl molecule, are in perfect agreement with the values for terminally bonded CO. Furthermore, the shifts between the two components in the 5.0-Å spectra ͑O 1s: 1.4 eV, C 1s: 0.8 eV͒ are comparable to the shifts towards lower BE's when going from terminally to bridge-bonded CO for Rh carbonyls ͑O 1s: 1.5-2.0 eV, C 1s: 0.7-1.1 eV͒. 51 XA spectra are presented in Fig. 7 , showing the C 1s and O 1s resonances for the two different Pd exposures. The C 1s XA peak is in both cases found to be narrow, with no clear evidence for a doublet structure. In the O 1s spectra, however, one peak is found at an exposure of 0.5 Å whereas the 5.0-Å spectrum exhibits a shoulder at the low photon energy side, consistent with the population of two different CO sites in the latter case. 56 That this effect is difficult to observe in the C 1s spectra is due to the following reasons ͑a͒ The separation is expected to be smaller. ͑b͒ The XA peak associated with a higher coordination is expected to be broader due to a stronger CO 2*-Me d hybridization in the core excited state, as previously demonstrated for CO adsorbed on metals. 27, 56 ͑c͒ Finally, the XA peak for the more highly coordinated CO species could also have a lower intensity due to, for instance, a lower number of unoccupied 2*-Me d states. 56 The XPS and XAS results thus indicate that the Pd x ͑CO͒ y compound consists mainly of CO adsorbed in terminal sites at low coverages, whereas at high coverages bridge sites are also populated. However, as indicated by previous results, the thermal stability of the compound does not vary with coverage. 18, 19 This is indicative of no significant changes in the bonding strength within the Pd-CO complex, at least for the terminally bonded species ͑since it is the only one present at lower coverages͒.
The change from a molecular system towards a metallic system
After elucidating the geometrical structure of the CO-Pd bonding, we will now turn to the screening properties with respect to the size of the Pd x ͑CO͒ y islands. The XPS BE's are shown as lines in Fig. 7 . For the 0.5-Å case, we find for both C 1s and O 1s that the XPS BE appears slightly above the XA maximum and not in connection to the onset. Thus, the energy of the core-ionized state is larger than the energy required to create a neutral, core-excited state; i.e., the XPS final states are not fully screened. We also note that the XPS and XAS energies are very similar to the CO/0.2-Å Pd case at high CO coverage ͑Table I͒.
For the higher coverage ͑5.0 Å͒, however, the C 1s BE's appear near the XA onset and the O 1s BE's are clearly below the corresponding XA maxima, as for CO adsorbed on a metal. That the O 1s BE appears closer to the XA maximum is an effect of the interplay between the hybridization broadening and the intramolecular vibrational broadening ͑which is substantial for O 1s excited states͒ of the XAS line profile. 27 For CO chemisorbed on a metal, the O 1s BE will never appear above the XA maximum. Consequently, the positions of the XPS peaks relative to the corresponding XA features observed for 5.0 Å may indicate fully screened coreionized states.
C 1s decay spectra for the two coverages of the Pd x ͑CO͒ y compound recorded at several photon energies are presented in Fig. 8 . Beginning with the 0.5-Å situation, the ionization limit ͑the vacuum level͒ has been estimated to be at 293 eV. It is readily observed that the spectrum recorded at a photon energy exceeding this value ͑i.e., the AE spectrum͒ is shifted about 2.0 eV towards lower KE, which we attribute to a spectator shift. The C 1s decay spectra are indeed very similar to those previously reported for condensed carbonyls as well as the CO/0.2-Å Pd situation discussed above. The spectator shift also appears to be of the same magnitude. 12 In Table I we compare the C 1s XPS, XAS, AIS, and AES results for 0.5 Å of the Pd x ͑CO͒ y compound with those of the small UHV-deposited islands and Fe͑CO͒ 5 . 12 The results convincingly demonstrate that the islands obtained after a deposit of 0.5 Å Pd x ͑CO͒ y behave like deposited carbonyl molecules.
Other interesting observations that can be made using Fig.  8 are that the peaks at KE's of 263 and 278 eV show an increased relative intensity as the photon energy reaches the value of the XA maximum and that the shape of the spectrum recorded below the XA maximum resembles that of the AE spectrum, which was also observed for high CO coverage on 2.0-Å Pd. Furthermore, a similar effect can also be found when comparing the previously reported AI and Auger spectra for carbonyls, i.e., the relative intensity of the feature with highest KE is lower in the Auger spectrum than in the AI spectrum, 12 but variations in the spectral shape appearing at excitation energies within the resonance have so far not been reported. In line with the discussion made for the 2.0-Å situation at high CO coverage ͑Sec. III A 2͒, we attribute these variations to the possibility for creation of core-hole states with different charge distributions. However, we feel more confident about the interpretation in this case, since, at this coverage, CO adsorbed in terminal sites totally dominates, thus excluding the possibility for excitation of different CO species. It can therefore be concluded that the photon-energy-dependent effects seen in Fig. 8 is a general effect caused by the 2*-d mixing and are expected to occur for all transition metal carbonyls.
Moreover, the increased intensity at a KE of 278 eV is again compatible with the appearance of participator decay, since the 1h BE obtained by subtracting the KE from the used PE ͑287.7 eV͒ yields 9.7 eV, which is in good agreement with the BE of 9.3 eV observed for the 5/1 peak in the valence PE spectrum. 18, 19 Since the 1 participator peak for free CO is the strongest, it is possible that the increased intensity around 278 eV is the result of 1 participator decay.
Regarding the high-coverage case ͑5.0 Å͒, the XP and XA spectra indicated that full screening of the core-ionized states occurs within the time scale of the photoemission process. If this is true, we would expect no or only very small differences in the core-hole decay spectra as a function of photon energy, as for CO/metals. This is almost the case, as demonstrated in Fig. 8 ; the KE shift between the AI and the AE spectra is below 0.4 eV. We can therefore conclude that the screening properties for large amounts of the Pd x ͑CO͒ y compound have approached those of an extended, metallic system, but some molecular character is still remaining.
The observations for the two different coverages support the idea of Pd-Pd bond formation during the growth: At low coverage, the 2*-4d hybrid orbital is confined on the island with no possibility to receive an external screening electron from the substrate in order to screen the CO molecule upon core ionization. At high coverage, the Pd x ͑CO͒ y compound covers the whole surface, connected by Pd-Pd bonds, and can effectively transfer an electron to the core ionized site. Consequently, the 2*-4d orbital is expected to have a more delocalized character for high coverages, which would to a large extent decrease the possibility for participator decay. 16 Upon close inspection of Fig. 8 , we find that the intensity variations at KE's 263 and 278 eV still remain but appear to weaken. However, since the CO molecules in this case occupy two different sites, this could also affect the shape and relative intensities of the spectrum, although these effects are expected to be rather small in the C 1s decay spectra as realized for CO on metals. 16 
C. Influence from the substrate
A key issue when comparing the properties of the thin alumina film versus bulk alumina is the influence of the metallic substrate underneath the oxide film. Can electrons tunnel from the metal to the deposited islands through the oxide layers and give it properties different from islands on the bulk oxide? We would like to briefly broach this subject.
The question of an electron tunneling effect can be raised in connection with two situations: the high CO coverage phase on 0.2-Å Pd and 0.5-Å Pd x ͑CO͒ y . Since tunneling occurs in order to create the energetically most favorable core-hole state, this would in both cases lead to the appearance of AI features in the AE spectrum with an intensity proportional to the charge transfer rate. 39 The AE spectrum for CO/0.2-Å Pd suffers from intensity problems ͑Fig. 3͒, but it can be concluded that the decay from an ionic state dominates. The AE spectrum for 0.5-Å Pd x ͑CO͒ y ͑Fig. 8͒ is of higher quality and although it is clear that the ionic decay dominates also in this case, the AE spectrum is found to be slightly broader than the AI spectrum. Assuming that the broadening is due to a contribution from a decay from a charge transfer screened state, a simple modeling using two shifted AI spectra ͑hϭ287.2 eV͒ yields a rough estimation of about 25% as an upper limit for the charge-transfer screened part. However, for a thick condensed carbonyl film, i.e., a case where the substrate-induced effects are negligible, the AE spectrum is also found to be broader than the corresponding AI spectrum. 1, 12 The AE spectrum is recorded with an excitation energy high above threshold, and it is therefore possible that high-energy core-hole states ͑''shakeup states''͒ may contribute, leading to a broadening of the spectrum towards the high KE side. 1 Moreover, AIS and AES data for CO adsorbed directly on Al 2 O 3 NiAl͑110͒ show no conclusive evidence for a tunneling effect. 43 On the other hand, in the case of SF 6 /2 ML NaCl/Ge͑100͒ a high KE feature was observed in the AE spectrum and interpreted as stemming from a charge-transfer process from the Ge͑100͒ substrate. 57 Evidently, two layers of NaCl, which is a thickness comparable to the alumina film, 23 between the adsorbate and the metal was not enough to completely close the charge-transfer channel. This system, however, may have substantially different chemical properties. We therefore find it most likely that for CO/Pd/Al 2 O 3 /NiAl͑110͒, the influence from the NiAl͑110͒ substrate upon a strong perturbation in the electronic structure of the islands is very small on a time scale of fs, implying that electron tunneling effects from the metallic substrate can be disregarded when probing the system with fast processes ͑such as photoemission͒.
IV. CONCLUSIONS
We have investigated two alternative methods to experimentally monitor the development of a CO adsorption system that gradually changes from localized to delocalized: Firstly by studying CO adsorbed on Pd islands of increasing size deposited under UHV conditions and secondly by studying the growth of a Pd carbonyl-like species, formed by Pd deposition in CO atmosphere. The substrate was in both cases a thin alumina film grown upon NiAl͑110͒. Of major interest was the change in screening properties as a function of the number of metal atoms. X-ray photoelectron spectroscopy ͑XPS͒ and x-ray absorption spectroscopy ͑XAS͒ were used to determine the screening response upon a sudden removal of a core electron whereas AES and AIS were used to investigate the screening dynamics on the time scale of the core-hole lifetime ͑10 Ϫ15 s͒. For the UHV-deposited islands, we find that the electronic properties of the CO-Pd complexes are strongly dependent on both island size and CO coverage: Adsorption of large amounts of CO yield a screening ability that is strongly reduced, and small effects characteristic of molecular systems can be detected even for islands with ϳ100 Pd atoms. A low CO coverage, however, allows for a screening nearly as efficient as for metallic systems even for the smallest islands ͑of the order of 10 Pd atoms͒.
The carbonyl-like compound evidently entails formation of Pd-Pd bonds. It has a relatively well-defined local structure and new, complementary data concerning the CO adsorption geometries were presented. The results furthermore demonstrate that this compound undergoes a transition from a molecular to an extended system for increasing coverages, and may therefore also serve as an important link between a carbonyl and CO adsorbed on a metallic surface.
Finally, the results show that the influence from the NiAl substrate upon strong changes in the charge distribution can be disregarded if the perturbation takes place within fs. This is important when discussing the electronic properties of the thin alumina film versus bulk alumina and the applicability of the former to the construction of a model catalyst.
